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Abstract: In this paper a space vector model of an induction motor in a field 
weakening regime is detailed. Stator and rotor flux space vector trajectories are 
shown in a complex plane for the case when the machine is supplied by limited 
voltage. 
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1  Introduction 
Dynamic phenomena in the induction motor at voltage limit, i.e. when 
machine operates in field weakening, in literature is usually analyzed on the 
basis of linearized torque equation [1 – 5]. In this paper the general expression 
for torque changes during the single control period is obtained. Based on the 
proposed analysis, the trajectory of stator and rotor space vectors in field 
weakening in the complex plane is displayed. The proposed model is suitable 
for further synthesis of torque control structures in field weakening which are 
based on the voltage angle control. 
2  Mathematical Model of Induction Motor 
State space model of induction motor in stationary reference frame is given 
by following equations: 
 
sk
sk sk s uR i
T
ΔΨ
=+
Δ
, (1) 
  j
rk
rk rk rk rm k uR i
T
ΔΨ
=+ + ω Ψ
Δ
, (2) 
  sk skr k s Li Mi Ψ= + , (3) 
                                                 
1Faculty of Electrical Engineering, University of Banjaluka, Patre 5, 78000 Banjaluka, Republika Srpska, Bosnia 
and Herzegovina; E-mail: petar.matic@etfbl.net 
2Faculty of Electrical Engineering, University of Belgrade, Bulevar kralja Aleksandra 73, 11000 Belgrade, 
Serbia; E-mails: rakic@etf.rs; boban@etf.rs 
*Award for the best paper presented in Section Power Engineering, at Conference ETRAN 2011, June   
  6-9, Banja Vrućica – Teslić, Bosnia and Herzegovina. 
UDK: 621.313.333  DOI: 10.2298/SJEE1201053M P. Matić, A. Rakić, S.N. Vukosavić 
54 
  rk rk sk r Li Mi Ψ= + , (4) 
  () {}
* 33
Im
22
sk sk sks k k mP i P i =Ψ × = − Ψ, (5) 
where  sk u ,  sk i ,  sk Ψ ,  rk u ,  rk i ,  rk Ψ  are stator and rotor voltages, currents and 
flux space vectors, respectively,  s R ,  r R ,  s L ,  r L  are stator and rotor resistances 
and inductances, M  is mutual inductance, and  mk ω  and  k m  are shaft speed and 
torque. 
Changes in stator and rotor fluxes during the control period kT , 
0,1,2,... k =  are: 
  () 1 sks k s k + ΔΨ =Ψ −Ψ , (6) 
  () 1 rk r k rk + ΔΨ =Ψ −Ψ . (7) 
Control variable at instant  , 0,1,2,... kk =  is stator voltage space vector 
sk u . From (1) and (6) stator flux at next instant (with stator resistance 
neglected) is: 
  () 1 s k sk sk sk sk uT + Ψ= Ψ + Δ Ψ = Ψ + Δ . (8) 
By using (1-8) stator flux space vectors at instants k  and  1 k + , ( sk Ψ  and 
() 1 sk + Ψ ) can be plotted in stationary α−β reference frame, as shown in Fig.1.  
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Fig. 1 – Definition of stator space vectors. Space Vector Representation of Induction Motor Model in Field Weakening Regime 
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In general case, when () 1 s ks k + Ψ≠ Ψ , tip of space vector  () 1 sk + Ψ  is on the 
circle  2 K , which diameter can be different from diameter of circle  1 K . In case 
() 1 sk s k+ Ψ= Ψ , tip of space vector  () 1 sk + Ψ  is on the circle  1 K . The angle of 
stator flux space vector advancement during sample period  T Δ  is  k Δθ  and in 
steady state it is equal to the product of synchronous speed and sample period: 
 
0
ks k T Δθ = ω Δ . (9) 
Stator flux vector increment can be expressed by modulus and phase angle: 
  () () 1 cos jsin sks k s k kk + ΔΨ = Ψ Δθ + Δθ −Ψ , (10) 
and since the stator flux increment is proportional to the voltage (1): 
  sk sk uT ΔΨ ≈ Δ . (11) 
Stator flux vector increment and stator voltage can be expressed as: 
  () () cos jsin sk sk k k uT ΔΨ = Δ ⎡ π−Δχ +π − Δ χ ⎤ ⎣ ⎦ , (12) 
  () () cos jsin
s
sk sk kk uu
Ψ = ⎡ π−Δχ +π − Δ χ ⎤ ⎣ ⎦ , (13) 
where  k Δχ  is the angle between stator flux vector increment  sk ΔΨ  and stator 
flux vector  sk Ψ . The angles  k Δθ  and  k Δχ , as well as stator voltage 
s
sk u
Ψ  are 
referred to the stator flux space vector  sk Ψ  as shown in Fig. 2. 
α
β
εk
ΔΨk
Ψk
Ψs(k+1)
Δθk
θk
θk Δχκ
 
Fig. 2 – Definition of stator flux space vector phase angles. 
 
Stator voltage (13), 
s
sk u
Ψ , is the control variable, and it is given by its 
amplitude  sk u  and phase angle  k Δχ  referred to the stator flux vector  sk Ψ . In 
stationary reference frame, stator voltage is: P. Matić, A. Rakić, S.N. Vukosavić 
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  () () cos jsin sk sk kk kk uu = ⎡ θ+ π − Δ χ +θ + π − Δ χ ⎤ ⎣ ⎦ . (14) 
In base speed region, stator voltage is lower than rated, i.e.  sk MAX uU < , 
while in the field weakening regime stator voltage amplitude is constant and 
equal to the maximum available voltage,  sk MAX uU = . In the field weakening 
regime, the control variable is one of the angles of the triangle in Fig. 2, which 
is defined by space vectors  1 ,, sks k s k + ΔΨ Ψ Ψ . 
Input variables to the model (1-5) are stator and rotor flux space vectors, 
sk Ψ  and  rk Ψ , as well as shaft speed  mk ω . Since the electrical transients are 
much faster than mechanical, it can be assumed that shaft speed is constant 
during the sample period, i.e.  const. mk m ω= ω =  
3  Torque Changes During the Sample Period 
Torque change during the sample period  , 0,1,2, kk = …, is: 
  1 kk k mm m + Δ= −, (15) 
and can be calculated from the model (1-5) if the initial state (stator and rotor 
fluxes and speed) and voltage command are given. However, the resulting 
expression would have no practical value. Therefore, simplified approaches 
based on the linearization of the torque equation (5) are used in the literature. 
Those expressions from [2 – 5] are incomplete since some parts of linearized 
equation are often neglected, or the shaft speed is used as parameter. 
The expression for torque change during the sample period can be 
calculated from the definition (15) as: 
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By eliminating stator currents from the model (1-5) and using space vector 
angles from Fig. 2. Stator current change during the sample period is: 
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where back emf and slip  klk ω  are: 
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  klk sk mk ω= ω − ω. (19) 
Torque change during as function the voltage phase angle  k Δχ  during the 
sample period is found from (16-19) as: Space Vector Representation of Induction Motor Model in Field Weakening Regime 
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The solutions of (20) are: 
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It is clear from (21) and (22) that the same torque can be obtained by two 
different phase angles. Maximum change in torque increment (20) is found 
from: 
  ()
()
0
k
k
m ∂Δ
=
∂Δ χ
, (23) 
For the voltage angle: 
  ()
()
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. (24) 
It is important to note that the mean value of zeros of (20) is equal to the 
angle of maximum torque (24). This means that the angle at which torque 
increment has the maximum change is on the bisector of the angle defined by 
(21) and (22). 
4  Space Vector Trajectories in Complex Plane 
In the preceding section the expression for the torque change as the 
function of stator voltage module and phase angle is derived. The obtained 
expression can be represented graphically in the complex α−β plane by using 
corresponding space vectors at two successive instants k  and  1 k + . Steady P. Matić, A. Rakić, S.N. Vukosavić 
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state in torque, stator flux and synchronous speed is adopted as reference state, 
in which there is no change in torque and flux modulus at instants k  and  1 k + . 
In the reference state, the stator fluxes will have the same amplitudes in the 
current and next instant. Their movement will be defined by the angle (9), 
which is defined by the current synchronous speed. When the control variable 
k Δχ  is changed, all the values are going to be changed from the steady state. 
In accordance with the adopted model, the stator and rotor fluxes in the two 
successive time instants will move by the angle equal to the product of 
synchronous speed and sample time. In order to torque being not changed in the 
reference state, the (25) must be satisfied: 
  () () 1 1 sin  sin sk s k rsk rs k h + + Ψθ = Ψ θ = . (25) 
The condition (25) is shown in Fig. 3, which is the height of the 
parallelogram defined by stator and rotor space vectors. This condition defines 
the constant torque line  0 k m Δ=  shown in Fig. 3. 
 
Fig. 3 – The constant torque line. 
 
Constant torque line, i.e.,  0 k m Δ=  in complex α−β plane is parallel with 
rotor flux space vector at instant  1 k +  and passes through the tip of stator flux 
space vector. If the tip of stator flux space vector  (1 ) sk + Ψ  at instant  1 k +  is on 
the constant torque line, the motor has the same torque at instants k  and  1 k + . 
If the tip of stator flux space vector is below the constant torque line, the torque 
at instant  1 k +  is lower, and if the tip is above the constant torque line, the 
torque at instant  1 k +  is larger than at instant k . Space Vector Representation of Induction Motor Model in Field Weakening Regime 
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In reference state, stator and rotor flux space vectors move along circles 
with constant diameters,  () 1 s ks k + Ψ= Ψ  and  () 1 rk r k + Ψ= Ψ  with centres in 
origin. From Fig. 1, constant voltage amplitude is represented by circle with 
constant diameter  sk MAX uU =  with centre on the tip of stator flux space vector 
sk Ψ . Constant voltage and constant flux circles are shown in Fig. 4 together 
with constant torque line. 
 
Fig. 4 – Constant voltage, constant flux circles and 
constant torque and synchronous speed lines. 
 
Steady state (point A) is defined with control angle  1 k Δχ  (21), while point 
B is defined by angle  2 k Δχ  (22). Point C lies on the bisector of the angle 
between space vectors  1 ΔΨ  and  2 ΔΨ . Since the angle  k Δχ  at point C is: 
 
21 21
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Δχ + = = Δχ . (26) 
The maximum torque change is at point C in which the phase angle is 
MAX Δχ  (24). At point C the constant torque line is tangent line to the constant 
voltage circle.  P. Matić, A. Rakić, S.N. Vukosavić 
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The constant synchronous speed line  0 sk Δω =  is shown in Fig. 4 also. 
There are two points where the synchronous speed is at stationary value. The 
point A is steady state in all values, but at point D the torque is less than in the 
reference state. When the motor is unloaded at instant  , 0,1,2, kk = …, (when 
the slip is equal to zero,  0 0 klk ω= ), maximum torque change is defined by 
angle: 
  () 0 arctan 1/ / 2 kMAX sk T Δχ =π− ω Δ ≈π , (27) 
while when the machine is loaded with break-down torque (the slip is 
/ klkpr r r R L ω= σ ), the maximum torque change is defined by angle: 
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Complete trajectory of stator flux space vector in field weakening is shown 
in Fig. 5. At the beginning of the transient stator flux space vector is equal to 
(0) s Ψ  and at the end of transient it is equal to  () s N Ψ . 
 
Fig. 5 – Stator flux space vector trajectories in field weakening. Space Vector Representation of Induction Motor Model in Field Weakening Regime 
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During the transient, stator voltage has constant amplitude: 
  () const, 0,1,2,..., s MAX kU T k N ΔΨ = Δ = = . (29) 
Since the stator voltage is limited, the tips of the stator flux space vector 
increments lie on the circles defined by maximum available voltage. The only 
control variable is stator voltage phase angle. The tip of stator flux space vector 
moves along the spiral trajectory from the initial to the final position. The spiral 
motion of the stator flux space vector enables aperiodic response of torque and 
flux in field weakening [6]. 
5 Conclusion 
In this paper the analysis of induction motor based on space vector 
representation is given. It is shown that, at voltage limit, the only independent 
control variable is voltage phase angle. The derived model is suitable for the 
synthesis of control procedure for induction motor control in the field 
weakening regime. 
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